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Abstract: Natural risks, particularly flood risk, are a topical subject in Algeria and
throughout the world, particularly given the last major catastrophic floods in
Sudan (2020) and North Africa. With the development of the climate change
phenomenon in the world, risk management is becoming increasingly neces-
sary for all the actors concerned (decision-makers, technicians, and the popu-
lation) to identify protection issues. In 2018, in the extreme south of Algeria,
In-Guezzam City suffered a devastating flood that caused significant damage
and loss of human and material resources. More than 100 homes collapsed,
and approximately 345 families were displaced. Currently, there is no research
work to assess the hydrological situation and the risk of flooding in this re-
gion. Therefore, the main purpose of this study is to shed light on the risk of
flash floods in the extreme south of Algeria with more specific attention to the
August 2018 floods as well as the climate trends over the past 30 years using
Mann-Kendall test and Sen’s Slope Estimator. The chosen approach involves
a hydrological study and hydrodynamic modeling using HEC-RAS software.
This latter allows for simulating floods using statistical methods and creating
several regional flood hazard maps.
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1. Introduction

The causes behind climate change are difficult to identify. They can manifest
themselves through long periods of drought or flash floods with adverse effects on
the hydrological cycle and environmental and socioeconomic activities [1-3].

Different types of flooding, namely fluvial flood (FF) and pluvial flash flood (PFF),
typically occur in urban regions located next to rivers [4, 5]. The notion of flash
floods is not recent; they are defined as violent and short-lived floods generated by
intense storms that are particularly damaging. They generally lead to natural haz-
ards worldwide due to their multidisciplinary nature of difficulty in forecasting and
rapid reaction [6-8]. For this reason, they are considered the most destructive natural
phenomenon and pose the greatest threat to human life [9, 10]. This type of phenom-
enon is often very localized and affects small watercourses. Over the last ten years,
it has been the subject of renewed interest worldwide. The latest European research
calls for tenders in the environmental field included articles specifically dedicated
to the study, prevention, and forecasting of flash floods, except for any other type of
flood. With the same interest, the European Regional Flood Management Program
of the World Meteorological Organization focused on flash floods [11]. Historically
in Europe, among the most critical floods recorded in Europe: in Lynmouth in Great
Britain in 1952 (34 victims), Barcelona in 1962 (more than 400 victims), the Piedmont
region in Italy in 1968 (58 victims), and the Aude flood in 1999 with 35 victims [11].
In recent years, the Reinosa floods (Cantabria, Spain) in January and December 2019,
the second in December, were among the worst floods in history. The researchers
are talking about a discharge of 246 m?/s in 15 minutes [12]. On November 15, 2017,
a high-intensity convective storm, reaching 300 mm in the core zone of the event, hit
the western part of Attica in Greece. This storm caused a catastrophic flash flood in
the town of Mandra and a tragic loss of 24 people, making it the most deadly flood
in the country in 40 years [13]. In North Africa and the Arabic region, in Chad 2012,
floods displaced hundreds of thousands of people and submerged 255,720 ha of
cultivated land, where several hundred families from the capital N'Djamena were
displaced to higher lands [14]. In Egypt, flash floods in January 2010 in Wadi El Arish
and January 2013 in Qena caused massive damage to materials and humans [15].

In September 2020, violent floods affected almost all of Sudan (106 victims),
thousands of hectares were also destroyed, and more than 500,000 inhabitants were
affected [16]. Financial losses and material damages are generally very high; 300 mil-
lion euros for the city of Nimes alone in 1988 (Ville de Nimes, 1989), 1.2 billion euros
in the Gard region in 2002 [17], and 3.3 billion euros in Aude 1999 [18]. These values
should be compared with the average annual number of insured losses related to
natural disasters worldwide, that is, around 40 billion euros [19].

Like many other countries, Algeria has experienced several devastating floods,
primarily known for overflowing large rivers in the extensive agricultural plains.
During the last 20 years, they have mainly affected the major cities and urban centers
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(Algiers 2001, Bejaia 2012, and Batna 2020), where they have caused many losses of life
and considerable material damage. In this regard, climate variability is considered one
of the main causes of these devastating floods, as different models have predicted a like-
ly increase in precipitation and temperatures in several regions of the world [20, 21].
Therefore, the emergence of many recent climatic phenomena has prompted the world
community to take an interest in climate change and its impacts on water resources.
These include droughts that have affected Maghreb countries and Algeria, especially
since the 1970s, and were sometimes followed by devastating floods [22, 23].

Several studies have been conducted in the northern regions of Algeria about rain-
fall and temperature [24]. According to Bessaklia [25], in the extreme northeast of Alge-
ria, through 23 rainfall stations, the Mann—-Kendall test showed areas with increasing
trends in high precipitation events. On the other hand, there appear to be more droughts
occurring in the arid and semi-arid areas in northeastern Algeria. At the same time, hu-
mid and sub-humid locations received more precipitation and consequent floods [26].
In southern Algeria, few works analyzed the climate change effects on water resources,
except for some works by Remini in 2020, where he showed that it is necessary to adapt
hydraulic systems to a dry climate based on traditional systems used for centuries. His-
torically in the Algerian Sahara, where aridity is the central element [27], floods are high-
ly beneficial because they are the main source of groundwater recharge along drainage
basins [28]. However, in recent years, severe floods have occurred in these areas, causing
economic losses and deaths. They often result from torrential rains such as Tamanrasset
in 2002, Adrar in 2004, Illizi in 2006, Ghardaia in 2008, In-Guezzam in 2018, and Djanet
in 2019 [29, 30]. These devastating floods are due to complex weather phenomena such
as climate change. They represent the most widespread Mediterranean disasters [31].

According to records, In-Guezzam City was exposed to four significant floods
and more violent events in 1997, 2000, 2015, and 2018 [30]. Historical flood disasters
worldwide and the evolution of built-up habitats in flood-prone areas are key driv-
ers for avoiding flood risks. Our contribution is part of this context, and our reflec-
tions focus on the problem of floods in Algeria.

The main aim of this study is to shed light on the flash flood risk in the extreme
south of Algeria through a hydrological and hydraulic modeling study with partic-
ular attention to the floods in August 2018 and the 30-year climate trend. Since there
is no research study to evaluate the hydrological situation in this region, the main
novelty is that this study is recognized as the first study that will contribute greatly
to a better understanding of the flooding process on the Algerian-Nigerian border.
This research can be used as fundamental information for researchers, emergency
planners, and managers to identify protection problems in these regions.

2. Study Area

The study area is located in the extreme south of the Algerian Sahara, on the
continuation of the National Road N°1 that connects Algiers to Tamanrasset (Fig. 1a)
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and then to the border with Niger at the coordinates 19°34'07" north, 5°4620" east.
In-Guezzam City (Fig. 1b) is located more than 2,000 km from the capital and 400 km
from the central province of Tamanrasset. It is considered a transition point between
Algeria and African countries, administratively covering more than 46,000 km?, or
8.40% of the total area of Tamanrasset province. The climate is hyperarid accord-
ing to the different climatic parameters (temperature, rainfall, wind, evaporation,
humidity) (1988-2018) provided by the National Meteorological Office in 2019. It is
characterized by low rainfall and irregular with an average of around 30 mm/year
and high temperatures during the summer, which can exceed 45°C. In winter, it
is generally mild with average temperatures (10-20°C). Winds are relatively fre-
quent and irregular and play an essential role in the formation of ergs and regs [32].
Their speed is important from April to July, which causes the sirocco and sand
winds during this period, accompanied by a robust evaporation rate (around
6,621 mm/year) [33].

The In-Guezzam watershed is an integral part of Tassili Hoggar, whose main
features are the extent of its rocky plateaus sporadically strewn with dunes. It is
located in the depression area of Sahb El-Rahala and Adakh-Adakh watercourses,
which represent the main drain of the basin with a length of 20 km and 24 km, re-
spectively. It covers an area of 170 km? (Tab. 1). The flat geometry of the In-Guezzam
area and the absence of banks (significant bed limits) with the extended width of
the main watercourses led to the disappearance of traces after the floods [34]. It is
gradually fed throughout its course by small sources (Fig. 1d, e). Its low flow rate
is zero, despite its large catchment area. The watershed has a low drainage density.
The value calculated according to Horton’s law (1945) is 1.65, the average slope of
the watershed is 0.35%, and it evokes a medium roar. The vegetation cover is al-
most non-existent except for some trees at the bottom of the watercourse. Runoff
promotes soil stripping and the dismantling of terraces at the bottom of valleys. The
high density of In-Guezzam urbanization often settles in the lowest catchment areas,
which led to the exposure of urban expansion to the risk of flooding and has made
a thorny development problem, requiring adequate planning tools and effective in-
terventions.

Table 1. Physiographic parameters of the In-Guezzam watershed

Max Min Average
2
Watershed A k] P [km] K altitude altitude slope [%] Lf” [km]
SahbEl-Rahala 71.02 67.34 2.24 497 387 0.35 19.98
Adakh-Adakh 98.20 85.99 2.45 529 387 0.35 24.14

Explanations: A — sub-watershed area, P — sub-watershed perimeter, K, — Gravelius index, ch — main-
stream length.
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Fig. 1. In-Guezzam region (a); state of the Tamanrasset region (b); situation of the study area (c);
hypsometric map of Sahb El-Rahala and Adakh-Adakh watercourses (d);
hydrographic network map (e)

3. 2018 In-Guezzam Floods

In the extreme south of Algeria, In-Guezzam City was exposed in 2018 to an
extreme flood, accompanied by violent storms, which began on Saturday, 4 Au-
gust 2018, after many years of drought. It rained almost 53 mm in a few hours [33],
generating an increase in water level in the main watercourses of the region at full
speed [33] and causing significant damage to human and material resources (Fig. 2).
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According to the In-Guezzam civil protection declarations, this flood severity
was considered the first since 1997; all city areas were flooded on the first day with
over 272 ha (i.e., 41% of the total urban area); more than 100 houses collapsed, and
about 345 families were displaced.

Fig. 2. Examples of damage caused by the August flood of 2018
(photo by R. Zegait, 2018)

4. Data Used

4.1. Meteorological Data

The required climatic data (Tab. 2) of the study area referring to precipitation
and temperature were obtained from the regional meteorological station of In-
Guezzam (05°46'E, 19°34'N), established and managed by the National Meteorologi-
cal Office (ONM). The 30-year time series (1988-2018) was complete without missing
values; it was and provided daily measurements for precipitation and temperature
[mean, maximum (max), and minimum (min) values]. All data sets have been geo-
referenced according to the UTM projection (zone 31), WGS84 Datum.

Table 2. Statistical characteristics of the data

Parameter Min Max Mean Deviation Ccv
P 0.40 138.00 31.30 31.90 1.02
T [°C] 28.03 30.84 29.19 0.63 0.02

0.40 60.00 17.90 17.14 0.96

d max
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4.2. Satellite Images and Weather Conditions of the 2018 Floods

The extreme south of Algeria, northern Mali, and Niger were battered by a thun-
derstorm from August 2 to 4, 2018. The storm caused severe weather that led to cat-
astrophic floods. Past weather conditions can be summarized based on Meteo-sat
infrared images and weather reports as follows (Fig. 3)

Fig. 3. Infrared images show the 6 hours of development of jet streams over the Sahara
from August 3, 2018 (22:00 UTC) to August 4, 2018 (04:00 a.m. UTC)

The storm originated in the Atlantic Ocean, the Gulf of Senegal, and Guinea-
Bissau. It passed through the countries of West Africa as it spread in the middle of
Mali, then headed towards the far south of Algeria, specifically the In-Guezzam re-
gion, where the Algerian-Nigerian border area was affected by heavy rains (>53 mm),
then the intensity of the clouds decreased. From the evening of August 4, 2018 the
storm moved to northern Niger and Chad.

In the same context, the Algerian Space Agency has programmed images of
the Alsat-1B and Alsat-2 Earth observation satellites. This action was done to as-
sess and highlight the Spatio-temporal evolution of the flood. Three satellite im-
ages are taken on different dates. Figure 4 represents one of the satellite images
extracted from the Alsat-1B high-resolution sensor on August 7, 2018. It shows the
spatial extent of the flood in 72 hours (480 ha) in the lowlands that distinguishes
the In-Guezzam region.
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b PR
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Fig. 4. Global view of the flooded city of In-Guezzam from Alsat-2 satellite imagery of
August 7, 2018 (false color mode)

5. Methodology

5.1. Climate Trend

A trend analysis of mean annual temperature values and precipitation data was
applied to perform the Mann—Kendall test [35, 36] and Sen’s slope [37] to investigate
whether there has been a significant trend (increase or decrease) in climatic condi-
tions during the last 30-year period. This technique recognizes any trend in a given
time series without specifying whether the trend is linear or not [38].

Mann-Kendall test

The Mann-Kendall (MK) statistical test has been widely applied in the trend de-
tection of the hydrometeorological time series. This test is characterized by accepting
missing values from time series [39, 40]. The MK trend test is based on two hypothe-
ses; one is null (H,), and the other is an alternate hypothesis (H,). While H states no
trend, H, explains a significant increase or decrease in precipitation data [41].

The S-test statistic is defined by Taxak et al. [42] as follows:

n_ i=1

S=Zngn(xi —x}.) 1)

i=2 j=1
where:
X, X, = sequential data values,
n — length of data set;
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1, for (x,—x,)>0
sgn(x, —x;)=1 0, for (x,—x,)=0 2)

-1, for (x,—x,)<0

When n > §, it is documented that the S statistic is approximately normally dis-
tributed with mean E(s) = 0 and its variance as:

Var(S)= % n(n-1)(2n+5) - itp(tp ~1)(2t, +5) ®3)

p=1

where:
g — number of tied values,
t,— number of ties for p*-value.

A Monte Carlo simulation was used to evaluate the statistical significance of the
trends at the 5% of the significance level. At this level, a positive (negative) trend is
significant when the p-value >0.05 (<0.05) [43]. The null hypothesis H, assumes no
trend in the series, meaning that the data series is homogeneous [44].

Sen’s slope estimator

Sen’s slope developed by Sen [37] has been widely used to calculate the magni-
tude of trends in the long-term temporal data [45—48]. In this study, Sen’s slope is ap-
plied to calculate the magnitude of the trend for temporal data. Sen’s slope is consid-
ered better for detecting linear relationships as it is not affected by outliers in the data.

Slope values of positive Sen show an increasing trend, while slope values of
negative Sen tell us that there is a negative trend in temporal data. Sen’s slope is
given by the following expression [49]:

= mediane| | fork< @)
=medliane ,I0rK <
(-K) !

where 1 <k <j<n, and 3 is the data set’s median of all possible pair combinations.

5.2. Hydrological Study

The flood magnitude modeling and measurement scheme are based on two
studies, namely hydrological studies, which aim to estimate peak flows correspond-
ing to the different return periods at the project area level. Peak flow calculations
are required for flood control studies in water engineering [50]. The relationship
between precipitation and peak flow plays a fundamental role in all hydrological
applications [51, 52], such as engineering design [53], flood forecasting [54, 55], and
evaluation effects of best management practices in the watershed [56].
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The following steps are considered for the completion of the study:

1. Finding past flood leads and collecting testimonials from dwellings at the
most appropriate locations. As a result, In-Guezzam City was exposed to the
most critical floods in 1997, 2004 and 2018.

2. Statistical analysis was performed via several statistical distribution tests
(Exponential (L-Moments), Log Pearson III, EV3-Min (Weibull), GEV-Min
(L-Moments), EV3-Min (Weibull, L-Moments) using the Hydrognomon soft-
ware [57]. All selected tests were subjected to x>, and Kolmogorov-Smirnov
tests to determine the optimal probability distribution function (PDF) of max-
imum daily precipitation and the P, peak for a T return period ranging from 5
up to 1,000 years. This method is generally preferred by researchers and de-
signers, especially for appropriate numbers of data [58], because it is easy to
apply and is often statistically efficient; it applies to basins receiving homo-
geneous precipitation, with a few tens to several thousand square kilometers.

3. For each return period, the precipitation amounts corresponding to a short
time (less than 24 h) are determined by the formula (5) developed at the re-
quest of the National Hydraulic Resources Agency (NHRA) by [59]:

b
t
P= Pdmax (gj (&)

where:
t — concentration time [h],
b — climatic exponent,
P, - daily maximum precipitation frequency.

4. Estimation of concentration time using the most common empirical formu-
las in Algeria (Giandotti, Californian, Kripich, and Ventura). This study is
based on the Californian formula (6) as it fits firmly with the data collected
through in-site surveys:

3 0.386
T:( 0.87-L ] ©
‘ H max H min
where:
L — main watercourse length [km],
H__,H_. - respectively, maximum and minimum height of the wa-

tershed [m].

5. Estimation of flood flows with different empirical formulas (Mallet-Gauthier,
Turazza, Giandotti, and Sokolovsky). They adapted to the nature of the wa-
tershed as written in the Giandotti formula (7) and took into account the size
and topographical slope of the watershed,

C-A hrc,p% hmean - hmin

@)

4JA +15L

max,p% =
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where:
L — main watercourse length [km],
h_ .. h.. — respectively, mean and minimum height of the water-
shed [m],
A — watershed area [km?],
h,,, — alayer of precipitation water layer for a given probabili-

ty and a duration that is equal to the concentration-time,
C - topographic coefficient ranging from 66 to 166.
6. Flood hydrograph estimation.

5.3. Modeling

The second part requires hydraulic modeling followed by a simulation phase of
the In-Guezzam watercourse. First, the essential elements for the hydraulic model-
ing process were provided, then the identification of flood risk areas. The last one is
done by following five steps:

1. Identification of the geometry of the watercourse, where hydraulic modeling
requires a finer spatial scale. Thus, the calculation accuracy of water-sur-
face elevation is closely on the accuracy of the topographic data. Due to the
absence of high spatial resolution topographic maps for In-Guezzam City,
this study has been based on a topographic survey (Fig. 5) carried out by
a consulting company as part of a hydraulic study in In-Guezzam [60] using
a Leica-TS06 which can perform measurements with high accuracy.

2. Identification of data for each session using Manning coefficient according
to the soil nature.

3. Identification of flow rates and boundary conditions.

4. Identification of the calculation conditions (height of the water, critical
depth, hydrograph, limn-graph, depending on the flow regime).

5. Visualization of the results in graphic forms and tables.
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Fig. 5. Topographic survey of the In-Guezzam region
Source: [60]
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During this study, two software packages were used: a Geographic Information
System (ArcGIS) and a River Modeling Software (HEC-RAS), which was developed
at the Hydrologic Engineering Center of the US Army Corps of Engineers [61]. This
software has already proven to be very efficient for this type of study; many compa-
nies and research laboratories consider it a first-rate tool.

Hydrological
Maximum daily rainfall study

L Hydraulic study

HEC-RAS

>—[ Create Model in HEC-RAS ]1—[ Digital Elevation Model J

Steady flow parameter ]
No| ‘
Flow analysis ]
Yes

Croms J—

= Flow velocity
= Flow profiles
= Water level

Flood flows

Geometric data

IIII

Boundary

Mapping
ArcGIS

4

®  Flood vulnerability
" Flood risk

Remedies

Fig. 6. Methodology flow chart

The calculations of gradually varying water flow lines are based on Bernoulli’s
equation. The load losses are evaluated by the Manning-Strickler equation for the
friction term and the contraction-expansion coefficients. In an abruptly varied flow,
HEC-RAS uses the momentum equation (Fig. 6).

6. Results and Discussions

6.1. Climate Trend Analysis

In the past, Algeria has experienced several droughts. This fact draws our at-
tention to the magnitude of the rainfall deficit recorded throughout the territory,
particularly in the country’s west.

The following analysis is based on synthesizing recent climate changes and
projections in In-Guezzam. According to Figure 7a, the annual temperatures range
from 28.0°C (1992) to 30.8°C (2010). The coldest years are 1989, 1992, and 1994,
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respectively. The warmest years are 1998, 2005, and 2010. On the other hand, an-
nual rainfall (Fig. 7b) ranges from 0.4 mm (2001) to 138 mm (2018). In 1992, 2001,
and 2006, minimum rainfall heights were recorded. In contrast, years with maxi-
mum rainfall heights are 1997, 2000, 2010, 2015, and 2018.

a)
31

Sen’'s slope = 0.563

30.5

w
o

29.5

29

Mean annual T [°C]

28.5

A

140

Sen's slope =1.175
120

100

Annual Rainfall [mm)]

Fig. 7. Graphical representation of the sequential trend using Sen’s slope
for mean annual temperatures (a) and annual precipitation (b)

The results of the Mann-Kendall test (Tab. 3) show that the alternative hy-
pothesis H, is accepted for all series tested (p-value < 0.05), annual mean tempera-
ture (0.0001); and total annual precipitation (0.0368); series present a certain ho-
mogeneity of the data at the 5% significance level. The climatic parameters of the
studied station have statistically significant trends.
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Table 3. Results from Mann-Kendall’s trend test

MK Kendall’s Var(S) p-value Model
statistics tau (two-tailed) interpretation
Mean annual T [°C] 245 0.5632 0.00 <0.0001 accept H,
Annual rainfall [mm] 118 0.2716 3,140.67 0.0368 accept H,

According to Sen’s slope estimates at the 5% significance level (Tab. 4), all pa-
rameters examined showed significant positive trends over the last 30 years, where
the magnitude of warming is very significant, presented with a positive trend on the
annual average (Sen’s slope = +0.0512°C/year). This significant warming is mainly
due to the steadily increasing summer average worldwide.

The general rainfall trend in Algeria is decreasing except for some Saharan
regions such as In-Guezzam, where a positive trend lasts 30 years (Sen’s slope =
+1.175 mm/year).

Table 4. Sen’s slope value

Sen’s slope Confidence interval
Mean annual temperatures 0.0512 (-0.2251; 0.2529)
Annual rainfall 1.175 (-10.7083; 17.5450)

6.2. Hydrological Study

Statistical analysis is performed on time series using Hydrognomon software
to calculate the 24-h maximum precipitation. Statistical distributions are subjected
to the y’ test and the Kolmogorov-Smirnov test to assess how well they fit the time
series, taking into account the concern about the effect of the time series length on
distribution performance. The distributions that best fit the time series are EV3-Min
(Weibull, L-Moments) (Extreme Value-min; Fig. 8, Tabs. 5, 6).

Table 5. Distributions performance subject to test

x> test
Statistical distributions 1o - 0% attained ¢ [4] pzf::s 2; r
Exponential (L-Moments) accept accept accept 60.65 1
Log Pearson III accept accept accept 31.73 1
EV3-Min (Weibull) accept accept accept 51.34 1.33333
GEV-Min (L-Moments) accept accept accept 41.42 0.66667
EV3-Min (Weibull, L-Moments) accept accept accept 84.65 0.33333
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Table 6. Distribution performance subject to Kolmogorov—-Smirnov test

Kolmogorov-Smirnov test
Statistical distributions
a=1% a=5% a=10% attained a [%] D,
Exponential (L-Moments) accept accept accept 99.52 0.06861
Log Pearson III accept accept accept 89.47 0.09782
EV3-Min (Weibull) accept accept accept 99.50 0.06881
GEV-Min (L-Moments) accept accept accept 99.95 0.05827
EV3-Min (Weibull, L-Moments) accept accept accept 99.76 0.06488

According to the analysis, the maximum 24-h precipitation for the return pe-
riods of 10-year, 20-year, 50-year, and 100-year are 41.60 mm, 54.46 mm, 71.56,
and 84.56 mm, respectively.

The hydrological study aims to evaluate flood flows for return periods of 5, 10,
20, 50, 100, and 1,000 years. The return period corresponding to one year (T =1 year)
was not considered, as the corresponding rainfall is below the runoff threshold, es-
timated at 5 mm [34].

The precipitation analysis focuses on the development of intensity-duration-
frequency (IDF) curves. The IDF curves are plotted for the different return periods
of 5, 10, 20, 50, 100, and 1,000 years (Fig. 9). The rainfall intensity is selected from the
IDF curve. These curves are generated from the point precipitation data collected in
the local area by fitting the maximum daily precipitation intensities for a specified
duration to EV3-Min (Weibull, L-Moments), usually by plotting the data on a nor-
mal value probability paper [62].
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Fig. 9. Intensity-duration-frequency (IDF) curves
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6.3. Concentration Time / Flow Rates

The concentration time of two sub-watersheds (Sahb El-Rahala, Adakh-Adakh)
was estimated by 4.95 h and 5.59 h respectively. It can be noted that this concentra-
tion time is relatively high, which can be explained by the elongated shape of the
sub-watersheds and the low slopes that reign there.

The regional knowledge of surface runoff is essential to the study of floods.
However, the poor quality of the observed data (unavailable, discontinuous, ac-
companied by measurement or data entry errors) makes it difficult to quantify the
flow rates.

In this regard, using empirical formulas that can transform rainfall into run-
off through the morphological characteristics of the watersheds is among the most
widely used methods in Algeria [63].

The flows selected from the analysis and the comparison of the calculated flows
by the various methods (Mallet Gauthier, Turazza, Giandotti, and Sokolovsky) are
summarized in Table 7.

Table 7. Flows rates estimated by different regional methods

Return period Mallet-Gauthier Turazza Giandotti Sokolovsky
[year] [m¥/s] [m¥/s] [m¥/s] [m?/s]
1,000 148.73 1381.82 391.07 1,295.27
100 118.86 548.64 162.76 514.41
50 108.26 378.15 119.43 354.45
20 92.41 222.34 79.34 218.02
10 78.32 136.88 49.99 128.34
5 61.05 76.87 30.44 72.05

The results of the Giandotti formula (4) can be chosen because this formula
considers all the characteristic parameters of the watershed. In addition, the results
are very close to the recorded flow floods of the watercourses around the region [64].

6.4. Flood Hydrographs

To define a typical flood hydrograph of a watercourse, the most representative
floods inventoried by their peak times and peak flows are “scaled up” and superim-
posed on typical hydrographs. The USSCS hydrograph is adopted; it is a dimension-
less unit hydrograph (Fig. 10), with base time and peak flow as input. The mounted
time is 4.95 h for the Sahb El-Rahala watercourse and 5.59 h for the Adakh-Adakh
watercourse, while the base time is 2.5 times the rising time (Fig. 10).
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Fig. 10. Flood hydrograph for different return periods:
a) Sahb El-Rahala watercourse; b) Adakh-Adakh watercourse
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6.5. Hydraulic study

The permanent regime remains the simplest and the most satisfactory for the
hydraulic model realization of Sahb El-Rahala and Adakh-Adakh watercourses.
A hydraulic model was designed to identify the flood’s impact and behavior down-
stream of the watercourses at the western and northern of In-Guezzam City. The
topographical data form is considered the basis for all fluvial hydraulic modeling.
In this regard, 22 topographic profiles have been identified on 15 km of the water-
course. The chosen profiles are perpendicular to the direction of the flow; they do
not cross between them, intersect the whole alluvial plain and take into account the
geomorphological modifications of the major bed.

The bed roughness coefficient makes it possible to have the closest model to re-
ality by considering the water speed at the bottom of the watercourse and the banks.
On each cross-section profile, the Manning coefficient will be set to 0.033 for both
banks. This value corresponds to the standard value for a river composed of coarse
particles (pebbles) [65].

The peak flows, Q , selected from the hydrological study appear as the results
of an analysis and a comparison of the flows calculated for different return peri-
ods (Tab. 8).

Table 8. Flow of return periods necessary for modeling

T [year] 5 10 20 50 100

Q, [m?/s] 30.44 49.99 79.34 119.43 162.76

Hydrological data have boundary conditions. For the steady-state simulation,
the flow is constant, and the HEC-RAS simulation considers only one flow in the
river. The swallowing condition imposed on the model is a known water level rat-
ing of 2m.

The system was modeled after the 2018 flood, the last significant flood of the
Sahb El-Rahala watercourse. The calibration of a model is done after several simu-
lations by varying Manning’s coefficient.

6.6. Hydrodynamic Modeling

Hydraulic modeling consists of simulating the flow of a stream. The result of
this simulation provides the spatially identifiable potential flood zones (hazard
map), i.e., the riskiest areas to the population (risk map) during heavy floods of
the surrounding rivers. These maps are based on hydrological studies, ArcGIS, and
HEC-RAS software. The drawn-up maps show the different flood zones for each re-
turn period. One can note that the fifties, centennial, and millennial floods submerge
a surface, as indicated in (Figs. 11, 12). The hydrology and topography of the water-
shed have made the areas most affected by flooding be the strategic infrastructure
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“In-Guezzam airport” and its neighboring areas such as Abalag, BinaRifi, and Koun-
ta. These areas remained flooded for 72 hours after the rain event (Fig. 5). The pre-
ferred water flow direction is oriented toward the airport and In-Guezzam City,
which shows the heterogeneity of the spatial distribution that characterizes the
flash flood.
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Fig. 12. Flood vulnerability maps (100-1000 years)



Flash Flood Risk and Climate Analysis in the Extreme South of Algeria... 177

According to ASAL [66], laden water in some flooded areas at the decline on the
city’s northwest side indicates the mud and solid transport of materials accompa-
nying the flood. Fifteen days after the flood, tiny water traces remained northwest
of the city and at the airport. The disappearance of water traces in the urban area is
complete [66].

6.7. Urbanization and Risk Analysis

Like all urban agglomerations, the In-Guezzam City had a spatial evolution
of the urbanized area due to demographic and economic growth. The urban area
has increased from 187 ha to 435 ha in eight years (2005-2013), then to 684 in 2019,
i.e., almost three times in 15 years (Fig. 13). An urban extension is often carried out
regardless of development plans and urban strategies. It was oriented towards the
watercourse bed of Sahb El-Rahala.

AL 7 TG A

Fig. 13. Evolution of In-Guezzam urban expansion over time

Examining the flood hazard map of In-Guezzam City is developed by applying
the HEC-RAS model, coupled with GIS using several parameters such as flooded
areas, water depth, and soil type. Topography allows us to emerge. The spatial dis-
tribution of the degree of vulnerability to flooding in the city of In-Guezzam ranges
from low to high. It is noted that areas of high vulnerability occupy 64.6% of the
study area, which is located mainly at the strategic infrastructure “In-Guezzam air-
port”, the agricultural area of Abalak, and the west of the city due to their location at
the bottom of the Sahb El-Rahala watercourse. Although the medium vulnerability
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indices are located north of the city center, their situation is below the slope, repre-
senting 22.2% of the city’s surface.

This paper identifies three cities with low flood risks: Konta, EL-Khamsin, and
Lebrark, which represent only 13% of the city surface. This situation requires mov-
ing urban expansions to the city’s east side in the future to avoid material and hu-
man losses. This spatial approach to vulnerability enables emergency response to
protect the city from flooding (Fig. 14). It provides support for decision-making in
planning and land-use planning.

—  1Q{I0yer:) [ Q(100yars)

ERQ Q0year) B Q (1000 yems)
B (30 yer)

% Low risk

Fig. 14. Flood risk and vulnerability map in the city of In-Guezzam

7. Conclusion

In-Guezzam City is one of the Algerian-Nigerian border towns. It is located in
a depressed area of Sahb El-Rahala and Adakh-Adakh watercourses. Its location
strongly contributes to its vulnerability to flooding. Its watershed covers an area of
170 km? in the largest Sahara in the world. The In-Guezzam August 2018 flood was the
most significant flood since 1997, with 53 mm; all city areas were affected by the flood.
Over 272 ha, representing 41% of the total urban area, was affected on the first day.
This flood has caused significant damage and loss of human and material resources.

The analysis of high-resolution Alsat-2 satellite images taken by the Algerian
Space Agency after 72 hours of the rain event made it possible to provide more precise
information concerning flooded areas at the scale of inhabited urban areas and major
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infrastructure (airports, roads). It shows that the preferred water flow direction is ori-
ented towards the airport and In-Guezzam City, with flooded areas of around 480 ha.

The first part of this work was devoted to the effect of climate change by study-
ing the variability of annual and monthly scales rainfall series. This study has been
done by applying the Mann—Kendall test and Sen’s slope estimator at In-Guezzam
meteorological station; the last one has detected a positive trend (Sen’s slope =
+1.175 mm/year) over the past three decades. On the other hand, the study of the
mean annual temperatures is also carried out. The magnitude of warming has been
significant over the last thirty years. It was also presented with a positive trend in the
annual average (Sen’s slope = +0.0512°C/year). This significant warming is mainly
due to an increase in the summer average, which has been steadily increasing world-
wide. These results can be used as a tool factor for controlling development work,
preparing warning programs against the risks caused by floods whose damage is
irreversible, and even quantifying eroded land.

The second part of this work was dedicated to the flood risk assessment, car-
ried out via three analyses. The first is the frequency analysis of precipitation based
on 30 years of maximum daily rainfall to develop the intensity-duration-frequency
(IDF) curves for the different return periods 5, 10, 20, 50, 100, and 1,000 years. The
hydrological analysis was carried out using EV3-Min (Weibull, L-Moments) distri-
bution to calculate the flood recurrence. It was followed by applying the Giandotti
method to transform the maximum daily rainfall of the different return periods into
the flood flow, which is mainly related to the calculation of the concentration time,
estimated to be at (5.0-5.5 h), and the runoff coefficient. The results show that the
large catchment area has a significant centennial flow of around 162 m?/s and a mil-
lennium that reached 391 m?/s.

The hydraulic analysis is based on the input and output relationship through
the HEC-RAS hydraulic model simulating the risk of flooding and mapping the
ephemeral river. From flood maps, one can conclude that the flooded area devel-
ops with more extended return periods, ranging from around 114 ha in the case of
a 20-year return period and flooding up to 456 ha in the case of a return period of
1,000 years, which represents 64.6% of the urban area.

This study is expected to provide a better understanding of the flooding process
in the extreme south of Algeria, which could improve the use and effectiveness of
risk assessment in disaster management and decision-making in the region. Nev-
ertheless, one can note that some possible limitations could be addressed in future
research. the main weakness lies in the lack of hourly data on flow rates and rainfall.
This lack can considerably impact the calibration and validation of the model. More
catchments should also be studied to further validate the model’s suitability in other
regions of the country, specifically in the arid regions. Further developments of this
work will be addressed to real-time flood forecasting applications by considering
the implementation of a soil moisture module to enable continuous modeling if con-
tinuous data are available.
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